Electron microscopy and immunocytochrome c staining were used to define the phenotypes of several temperature-sensitive (ts) H-1 mutants. They were classified into three separate groups based on the properties of their capsids at the restrictive temperature (rT): (class 1) ts2 did not assemble capsids but produced spherical and irregular amorphous inclusions; (class 2) tsl and ts7 exclusively synthesized empty particles which all aggregated and crystallized; and (class 3) ts8 and ts1O formed noncrystalline aggregates of empty virions, but many individual full, as well as empty, capsids were associated with euchromatin. Synthesis of progeny DNA and hemagglutinin at rT were normal for class 3 mutants, but defective for those in classes 1 and 2. The immunospecific staining patterns of these mutants indicated that the H-1 capsid proteins probably form two separate intranuclear antigens: (i) a thermostable chromatin-associated antigen present in proteins that have not formed capsids and are concentrated on heterochromatin and nucleolar-associated chromatin and (ii) a thermolabile inclusion-associated antigen found in the proteins of assembled empty capsids that compose H-1 inclusions.
H-1 is a small (25 nm) icosahedral parvovirus (3) requiring the late S-or G2-phase of the host cell cycle for replication (7) . Its single-stranded DNA has a molecular weight of about 1.6 x 106 (15) and codes for only two viral capsid polypeptides (VP1 and VP2') in vivo (4) . Very similar capsid components are present in the parvovirus minute virus of mice (18) , and it appears that the amino acid sequence of VP2' is contained within VP1, the larger polypeptide (19) . Studies on parvovirus transcriptional capacities show that a single mRNA capable of coding for only VP1 is made by adenovirus-associated virus (2) and by Kilham rat virus (10) . Also, many different temperature-sensitive (ts) mutants of H-1 have been isolated in our laboratory, and the six that have been tested failed to show complementation, implying that the mutations are in the same gene (8; unpublished data) . These studies suggest that the parvovirus genome may be monocistronic.
Previous electron microscope studies on wildtype (WT) H-1 have shown that the earliest cellular damage occurred in the nucleolus, resulting in vacuolation of fibrillar centers and extrusion of fibrillar material; full (DNA-containing) and empty (DNA-lacking) capsids were associated with predominantly extranucleolar euchromatin fibers (17) . Condensation and margination of heterochromatin (HC) and nucleolar-associated chromatin (NAC) took place concurrently (13) , and immunocytochemical experiments demonstrated the presence of H-1 antigens on them (14) . We have recently begun an ultrastructural study of cells infected by various H-1 ts mutants with alterations in capsid proteins. In view of the possible monocistronic nature of H-1 virus, the capsid proteins are the likely cause of the ultrastructural changes in infected cells. We are using ts mutants as probes to detect specific changes in virion morphogenesis and H-1-induced cellular damage in order to define the mechanisms of these processes more clearly. The initial results of this investigation, reported in the accompanying paper (16) , show that tsl H-1, a mutant defective in the synthesis of progeny DNA (8) , forms intranuclear polycrystals of empty capsids at the restrictive temperature (rT). Numerous full particles present during temperature "shift-up" experiments are not incorporated into crystals and probably have surface properties unlike those of empty virions. The present study deals with the electron microscopy and immunocytochemistry of a series of five H-1 ts mutants and indicates that there are two types of H-1 capsid antigens: a thermolabile inclusion-associated antigen (IAA) and a ther-354 SINGER AND RHODE mostable chromatin-associated antigen (CAA). The mutants have been separated into three classes depending on their phenotypic characteristics at rT. Class 1 is unable to form capsids (cap-), class 2 yields only empty particles that crystallize and do not bind to euchromatin fibers, and class 3 produces full and empty capsids that bind euchromatin; the empty capsids also form many spherical noncrystalline aggregates. The sensitivity of immunological staining to inhibition by fixatives correlates with the degree of morphological alteration relative to WT H-1 in each class. Our immunological evidence also supports the hypothesis that H-1 is monocistronic.
MATERIALS AND METHODS Cells and virus. Simian virus 40-transformed newborn human kidney (NB) cells were utilized as host cells throughout these experiments. They were grown, seeded onto cover glasses, and synchronized with methotrexate as previously described (13, 14, 17) . Purified H-1 virus was mutagenized with hydroxylamine, and ts mutants were isolated as detailed elsewhere (8) . tsl, -2, -7, -8, and -10 were chosen for electron microscope and immunocytochemical study because of their unusual immunofluorescent staining patterns. NB cell monolayers were inoculated with stocks of each mutant at a multiplicity of 10 to 30 PFU/cell at the permissive temperature (pT) of 330C. The virus was adsorbed onto the cells for 30 min at pT and was subsequently incubated at the appropriate temperature (see below). Viral DNA was labeled with [32Plorthophosphate, extracted with the Hirt method, and fractionated by agarose slab-gel electrophoresis; specific bands were localized by using autoradiography as outlined before (15) . The appropriate bands of each viral DNA species were cut out of the gel, and the DNA content was assayed by liquid scintillation spectrometry.
Electron microscopy. H-1 ts mutant-infected NB cell cultures were fixed with glutaraldehyde and OSO4 and embedded with Epon in situ. Groups of cells, which were selected for ultrastructural study with a light microscope, were excised from the Epon cast, thin sectioned, and stained as before (14, 16, 17) . This method provided material with the optimal fine-structural preservation required for the precise identification of minute H-1 virions. Other cover slip cultures of ts mutant-infected cells were fixed in situ with a buffered saline solution containing formaldehyde and dextran (14) to obtain specimens for the immunocytochemical staining of H-1 antigens.
These monolayers were incubated with cytochrome c-conjugated anti-H-1 immunoglobulin G (CC-anti-H-1 IgG) (see below), "developed" with diaminobenzidine-H202 substrate medium, and refixed with OSO4 as previously described (14) . Acetone (10 min at -20°C) was also used as a primary fixative in some experiments. In situ epoxy embedding and thin sectioning were performed as above, but the sections were studied without heavy-metal staining using a JEM-7 electron microscope.
Antibodies. H-1 antisera with hemagglutination inhibition (HAI) titers of 1:20,480 were made by H. W. Toolan using deformed adult Syrian hamsters that were injected with a single sublethal dose (1 to 2 PFU) of virus at birth. IgG isolated from this serum had 10-fold more HAI activity per milligram (dry weight) than IgG from hamsters immunized as adults (12) . Toolan has occasionally recovered progeny of the H-1 virus injected at birth from repeatedly washed livers of these deformed adult hamsters (20) , and others have done likewise with Kilham rat virus (9) . These deformed animals, therefore, harbor a chronic H-1 infection throughout their lifetime, ptnd their high-titer antisera most probably contain antibodies to all possible H-1 antigens that might be synthesized. Anti-H-1 IgG was precipitated from these antisera using (NH4)2SO4, and the entire starting titer was recovered. Cellulose acetate electrophoresis showed some slight contamination of the IgG fraction with a-and p8-globulins. Cytochrome c (horse heart, type VI, Sigma, St. Louis, Mo.) was conjugated to anti-H-1 IgG, and to IgG of nonimmunized hamsters, using a one-step glutaraldehyde method (1) as described previously (12, 14) . The HAI titer of the final CC-anti-H-1 IgG solution was 1:5,120, about 10-fold higher than the conjugate used in previous experiments (14) . (Fig. 1A) contained no recognizable H-1 particles, which are always abundant in a comparable infection with WT H-1. We have therefore termed this mutant cap-. These ts2-infected nuclei exhibited two unique types of amorphous inclusions that were spherical or irregular in shape (Fig. 1A) . When the cultures were "shifted down" to the pT (20 h at rT to 2 h at pT), the centers of many spherical inclusions appeared to become less dense (Fig. 1B) and were nearly filled with empty virions (Fig. 1C) . If the "shift-down" times were prolonged (24 h at rT to 6 h at pT), the walls as well as the centers of numerous spheres contained empty capsids. Individual empty H-1 particles and a few full virions were also observed in association with the euchromatin at this time (Fig. 1D) . The irregular inclusion bodies remained unchanged throughout these temperature shift-down experiments. HC and NAC condensed and marginated, as in the case of a WT H-1 infection (13), and comparable pathological changes also were observed in the nucleoli ofts2-infected NB cells (20 h tensely labeled, and there was a slight amount of staining on the euchromatin by 24 h p.i. at rT. However, labeling of the ts2 H-1-induced spherical and irregular inclusions was conspicuously absent. The same localization of H-1 antigen staining was obtained after temperature shift-downs of 2-to 6-h duration at pT (Fig.  1E ). Both types of ts2 inclusions were also unstained after acetone fixation (24 h p.i. at rT) (Fig. 1F) . ts2-infected cells treated with cytochrome c-conjugated IgG with no anti-H-1 titer (CC-NI) were completely unstained.
RESULTS
Cells infected with ts2 H-1 at pT (24 h p.i.) had the same pathological damage and distribution of full and empty particles as WT H-1-infected cells grown under comparable conditions (17) . However, we found that 50% of the ts2-infected nuclei had many spherical inclusions with centers containing numerous empty H-1 particles and walls that were composed of empty virions and amorphous material ( Fig.  2A) . Morphologically similar inclusions were seen only infrequently in WT H-1-infected NB cells (17) . Furthermore, these inclusions were not stained by CC-anti-H-1 IgG in otherwise positively labeled nuclei (Fig. 2B) .
Class 2 ts mutants. The morphological changes observed in NB cell nuclei infected with tsl H-1 are described in the accompanying paper (16) . Briefly, we found that the empty particles synthesized at rT formed aggregates that subsequently exhibited crystalline arrays. No full virions were seen, and the empty capsids did not associate with euchromatin fibers.
The crystals dissociated into their component capsids, which were bound to euchromatin fibers after shifting from rT to pT. The immunocytochemical staining of tsi H-1-infected cells with CC-anti-H-1 IgG is shown in Fig. 3 . The crystalline inclusions of tsi H-1 empty capsids, which appeared by 24 h p.i. at rT, were not labeled by this immunospecific stain, although condensed HC, NAC, and localized portions of the euchromatin were labeled (Fig. 3A) . Slight positive staining was detected in dissociating crystals 2 h after a shift from restrictive to permissive conditions (24 h at rT to 2 h at pT) (Fig. 3B) , and capsid aggregates were heavily labeled after a 6-h shift-down (24 h at rT to 6 h at pT) (Fig. 3C) . However, the tsi inclusions formed at rT were specifically stained with CCanti-H-1 IgG if tsl-infected cultures were fixed with acetone rather than formaldehyde (Fig.  3D-F) (8) . Large aggregates of empty H-1 capsids were observed in these acetone-fixed tsi inclusions. The capsid wall (25.3-nm diameter) was densely stained, whereas the empty center was unlabeled, presumably because the CC-anti-H-1 IgG is too large to enter the H-1 particle; the capsids were embedded in an H-1 antigen-positive matrix (Fig. 3E) . Also, the floccules previously found adjacent to cavities present within these capsid aggregates (16) were heavily stained (Fig. 3D) .'- initially with acetone and then refixed with formaldehyde. The tsl inclusions of cells prepared in this way were not stained with CCanti-H-1 IgG, whereas the HC regions of their nuclei were positively labeled (Fig. 3G) . tsiinfected, acetone-fixed cells incubated in CC-NI were not stained (Fig. 3H) .
Another H-1 mutant that we studied and found to be related to tsl is ts7. This mutant induces cytopathological changes at rT, including the formation of polycrystals of empty capsids, which were structurally indistinguishable from those produced by tsi (16) . tsi and ts7 may be the same mutant.
Class 3 ts mutants. The least altered (with respect to WT) of the H-1 ts mutants that we examined were placed in class 3: ts8 and tsiO. These mutants formed many hollow spherical inclusions in all of the infected cells observed ( Fig. 4A and C) . Their walls were composed of aggregated (noncrystalline) empty capsids, and their centers contained loose associations of similar particles (Fig. 4B and D) . These inclusions are quite similar structurally to the spherical bodies found during WT H-1 infection (17) and in ts2-infected cells at pT (see above). ts8 and -10 also synthesized full capsids, which were present on the euchromatin along with individual empty particles ( Fig. 4B and D) . Both mutants caused HC and NAC margination ( Fig. 4A and C) . The spherical inclusions of ts8 formed at rT did not stain with CC-anti-H-1 IgG if fixed with formaldehyde 24 h p.i., despite intense labeling of HC (Fig. 4E) . However, these inclusions were heavily labeled 2 h after temperature shift-down (24 h at rT to 2 h at pT) (Fig. 4F) . Of all the inclusions we studied, those of ts8 appeared to have H-1 antigens that were the least thermolabile. Viral DNA and HA synthesis. The relative levels of H-1 replicative form (RF) DNA, progeny DNA, and hemagglutinin (HA) synthesized at rT in class 1 to 3 ts mutants and WT H-1 are presented in Table 1 . Because the progeny DNA from intact intracellular virions is not extracted by the Hirt method, estimates of progeny DNA synthesis by this method will be low for any virus that is encapsidating its progeny DNA (8, 11) . Based on the morphological evidence presented above, this applies to WT H-1, ts8, and tsiO (class 3). An additional complicating factor is that WT H-1 is partially defective in progeny DNA synthesis at rT (8) . For these reasons, a mutant defective in full particle production will be scored as defective in progeny DNA synthesis (progeny DNA-) at rT unless it produces an increased recovery of progeny DNA in the Hirt extraction. An example of defective encapsidation (encap-) of progeny DNA occurs in the infection of the human MRC-5 fibroblast with WT H-1. In this case, the extractable progeny DNA is about twice the amount of RF DNA. A counterexample is provided by the hamster embryo fibroblast, which produces full particles even more efficiently than do NB cells (17) . The extractable progeny DNA of these cells is about 4% of the total for infected cultures at 37°C. We have no mutant virus with the phenotype of progeny DNA+, encap-. This survey of ts mutant DNA synthesis was done at 39.5°C because that was the rT used throughout the rest of this study. The mutants with the lowest levels of progeny DNA relative to RF DNA are ts2 (class 1), and tsl and ts7 (class 2); they failed to show HA synthesis or production of full particles at rT in the electron microscope. ts8 and tsiO (class 3) did produce full particles, HA, and higher amounts of progeny DNA relative to RF DNA, so they are not considered defective in progeny DNA synthesis. All mutants examined to date that are defective in HA synthesis at rT are also defective in progeny DNA synthesis (tsl, ts2, ts6, ts7, tsil). DISCUSSION The phenotypic characteristics of the H-1 ts mutants as determined in this and previous studies (8, 16) are summarized in Table 2 . These mutants may be grouped into three separate classes based on the properties of their capsids at rT: (class 1) capsids fail to assemble, and amorphous inclusions form; (class 2) only empty capsids are made, and they all aggregate and many crystallize; (class 3) full and empty particles are synthesized, with the empty capsids forming aggregates, and both types of particles are also associated with euchromatin. Class 3 mutants produced normal levels of progeny DNA and HA at rT, whereas mutants in classes 1 and 2 were defective in these functions. As indicated previously (8), a relationship seems to exist between the presence of functional HA and the ability to synthesize progeny DNA.
Our immunocytochemical results indicate that two types of H-1 antigens are induced in NB cells infected with ts mutant or WT virus.
One antigen, present on HC and NAC, is functional (binds CC-anti-H-1 IgG) in all ts H-1 mutants examined after formaldehyde fixation at rT. We term this thermostable protein CAA and believe that it represents H-1 capsid polypeptides (see below) that have not formed particles, since H-1 virions have never been found in HC or NAC (17) . The second antigen is located a Synthesis of viral DNA, which includes dimer and monomer RF DNA and progeny DNA, was estimated by labeling infected NB cell cultures with [32P]orthophosphate. The viral DNA was extracted and fractionated, and 32P was measured as in Materials and Methods. Values for dimer RF DNA are not shown. The production of full particles was determined by electron microscopy. The ratios of HA produced at 390C to that produced at 330C for each mutant were determined by conventional methods (5, 17) . (4) . Since all the empty capsids in tslinfected NB cells at rT are localized in its inclusions (16) , which also bind anti-intact H-1 virus IgG (8), IAA must also be present in the H-1 capsid proteins. Our observation of two functionally unique antigens in ts mutant-infected nuclei thus indicates the multiantigenic nature of H-1 capsid proteins. It has also been observed that CAA staining may occur as early as 8 h p.i. at the nuclear membrane of WT H-i-infected NB nuclei, in advance of capsid assembly, which occurs 10 to 12 h p.i. (14) . It is possible that HC at the nuclear membrane may, by virtue of its high affinity for H-1 proteins, entrap H-1 polypeptides as they enter the nucleus and inhibit capsid assembly. Particle morphogenesis may only start after the saturation of HC-and NAC-binding sites. The intensity of CAA staining in HC and NAC does not diminish at any time during H-1 virion morphogenesis (14) and is retained even after cell lysis (12) , indicating that most of the H-1 proteins are not chased into capsids after binding to HC and NAC. Once the viral polypeptides organize into capsids, their new configuration probably changes their antigenicity by masking "old" antigenic sites and exposing "new" ones.
The IgG used to prepare the anti-H-1-cytochrome c stain used in this study was produced by chronically H-1-infected deformed adult hamsters injected as neonates. Since these animals have a lifelong H-1 infection (20) , their H-1 ANTIGENS 361 antisera probably contain antibodies against all possible H-1-induced antigens, whether they are capsid or noncapsid viral proteins (NCVP). This idea is supported by the finding that antisera from these neonatally infected hamsters, as well as antisera produced against sodium dodecyl sulfate-disrupted H-1, cause immunofluorescent staining of nuclei infected with ts2 H-1 at rT, whereas anti-whole-H-1 antisera from hamsters immunized as adults did not stain these nuclei (8) . Also, the immunostaining patterns produced by our cytochrome c conjugate in WT H-1-infected cells are identical to those obtained using IgG from hamsters immunized as adults with sodium dodecyl sulfatedisrupted H-1 virus (unpublished). Since disrupted virions are incapable of infecting the hamster during the immunization period, no anti-NCVP IgG could be present in this type of antiserum. Because the immunostaining patterns observed using these potentially different antibodies are equivalent, we think that they are both due to labeling of H-1 capsid proteins. We therefore have no evidence that H-1 codes for NCVP. However, it is possible that any putative NCVP may have the same localization as the CAA and thus may be obscured. These observations support the theory that H-1 virus is monocistronic.
